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Epidemiologic studies have identified risk factors for 
coronary heart disease. (CHD)_ajad Jte^underlying 
patKologic condition: atherosclerosis. Genetic and 
"environmental factoitTinterart^ anape an individu- 
al's age-related risk of atheinsclerosiS- 1 " 6 In the 
Framingham study, there wbb a positive correlation 
between CHD risk and low-density lipoprotein cho- " 
lesterol (LDL-C), total cholesterol , 4 and total choles- 
terol high-density lipoprotein (HDL)^ ratio. 7 A 

f weak correlation exists between CHD and triglycer- 
ide (TG), 7 and cholesterol 8 levels, hypertensions- 
obesity, 10 diabetes, 11 smoking, 12 and left ventricular 

^ fiyper1^ph^7 3 t5i3 ,! an inverse correlation withHDL- 
C. 14 Hyperinsulineraia may also promote the devel- 
opment of many of these CHD risk factors. 15 ' 16 
Plasma insulin levels have been positively associ- 
ated with CHD incidence, 17 and fasting insulin and 
insulin/glucose ratio have been shown to be inde- 
pendent risk factors for coronary artery disease inci- 
dence. 17 * 18 Another modifiable risk factor is smoking 
and even passive smoking has been shown to in- 
crease experimental atherosclerosis. 19 Many of these 
risk factors are interconnected. For example, severe 
large vessel disease in men is associated with smok- 
ing, plasma glucose levels, and systolic blood pres- 
sure. 20 

Other measurable factors are receiving increasing 
attention as cardiovascular (CV) risk factors. Ele- 
vated fibrinogen levels appear to be a relatively po- 
tent risk factors for CHD. 21 White blood cell (WBC) 
count has been positively correlated with the risk of 
atherosclerosis; 21, 22 this correlation is partially ac- 
counted for by smoking (in a dose-dependent man- 
ner). 22 In thiB regard, certain chronic infections, such 
as herpes infection, have been associated with an in- 
creased risk of atherosclerosis. 23 In contrast, increas- 
ing attention and research is being devoted to anti- 
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oxidants such as vitamin C and even garlic as 
protective factors against atherosclerosis. 24, 25 



PATHOLOGIC FEATURES OF ATHEROSCLEROSIS 

Atherosclerotic lesions consist of 26-28 (1) the fatty 
3treak, found in childhood, consists of lipid accumu- 
lation (cholesterol, cholestryl ester) in macrophages 
(MP), T lymphocytes, and smooth muscle cells 
(SMCs) 27 - 28 in addition to ingested lipoprotein- 
proteoglycan complexes in more complex foam 
cells 16 - 27 - 26 , (2) the fibrous plaque 15 ' 26 28 consists of 
a lipid core surrounded by a fibrous cap that results 
from the synthesis of collagen, elastin, and proteogly- 
cans by SMGs and MP that have migrated to the in- 
tima. 16 ' 27,28 

The atherosclerotic process begins, according to 
the response- to-inj ury -hypothesis, with a structural 
or functional injury to the endothelium, resulting in 
increased permeability of the endothelial barrier to 
blood cells, hormones, and lipoproteins. 27 " 29 Plate- 
lets, aggregating at the site of injury, release growth 
factors and chemoattractants that stimulate the 
proliferation of SMCs and the migration of SMCs and 
MP to the subintima region where the atheroscle- 
rotic process develops. 1 *' 26 " 29 

PATHOGENESIS OF ATHEROSCLEROSIS 

The pathogenesis of atherosclerosis is reviewed 
from the perspective of several different mecha- 
nisms. 

Growth and atherosclerosis. The natural history of 
atherosclerosis may be viewed from the growth per- 
spective. 28,29 This can be summarized as follows: 

1. Developmental origins. The vessel wall mass is 
genetically determined at birth. Endothelial cells 
(EC) initiate differentiation of SMCs from locally de- 
rived mesenchymal cells, making the uniformity of 
the SMC phenotype problematic: undifferentiated 
cells appear postnatally in the inthna as part of nor- 
mal development and as a prominent feature of ath- 
erosclerotic lesions that begin early in development 
with the focal proliferation of these cells- 

2. Focal proliferation: Monoclonality. A large pro- 
portion of atherosclerotic plaques of human vessels 
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Fig. 1. Schematic representation of different characteristics of arterial smooth muscle cells in synthetic 
vs contractile phenotypea. ER, Endoplasmic reticulum. (From Sarzani at al. Hypertension 1991;18[suppl 
ni]:93-9.) 



appear to be of monoclonal origin, suggesting the 
possibility that monoclonality develops during em- 
bryogenesis with accelerated growth of preexisting 
intunal cell masses. Monoclonality may develop also 
as a result of repeated replication of rare SMCs that 
are trapped in the intima or migrated SMCs from the 
media under the influence of locally released mito- 
gens. 28 In contrast, hyperplastic polyploid focal pro- 
liferation occurs under certain conditions such as the 
hypertensive process. 29 

3. Formation of the classical lesion. Fatty meta- 
morphosis occurs, and the intimal atherosclerotic 
lesion develops a central fatty necrotic mass covered 
by a fibrous cap. 16, 28 The evolution of this lesion is 
first that of fat-filled MP with SMC accumulation in 
the inlima, occurring as a secondary event resulting 
from mitogens released from MP, platelets, or dying 
cells (i.e., from lipid peroxidation products). Mono- 
cytes promote the atherosclerotic process by produc- 
ing platelefr-derived growth factor (PDGF) and other 
mitogens that exponentially increase the migration 
of other monocytes and the uptake of LOL-C to 
form foam cells. Subsequently, platelets aggregate at 
sites where the endothelium breaks down (over 
accumulated MP and on exposed subendothelium), 
releasing hepaxitanase, platelet factor 4, and PDGF, 
which further promotes the atherosclerosis pro- 
cess. 16 - 28 

4. Conversion of the c l assical lesion into a complex 
lesion. This process involves such mechanisms as oc- 
clusive thrombosis, plaque rupture, and vasos- 
pasm- 18 ' 28 These complex atherosclerotic plaques 
became more calcified and consist of a substantial 
'connective tissue matrix with central fatty necrosis. 
Progression of the thrombotic process and plaque 



rupture lead to the clinical events associated with 
these complex lesions. 16 ' 28 

Specific constituents of atherosclerotic lesions. Two 
major phenotypes of arterial SMCs have been de- 
scribed 26 " 28 (Fig. iy. (1) the contractile phenotype is 
found in arterial media, contains myofilaments, and 
is responsible for contraction and relaxation of the 
vasculature; and (2) synthetic SMCs found in the in- 
tima during the atherosclerotic process after the mi- 
gration of contractile SMCs from the media; the syn- 
thetic cells proliferate, take up LDL-C, and synthe- 
size abnormally large amounts of collagen, elastin, 
and proteoglycans. 28, 29 Thus SMCs that are contrac- 
tile in the media become phenotypically different on 
migrating to the intima. The polyamines putrescine, 
spermidine, and spermine are involved in the tran- 
sition of these migrated SMCb into a synthetic phe- 
notype. 29 

Mitogens and growth factors in atherosclerosis. A 

number of mitogens and growth factors play an im- 
portant role in the atherosclerotic process. One of 
these, PDGF, is present in three isofbrms (AA, AB, 
BB), which interact with several different cell recep- 
tors. 80 PDGF provokes a rapid and transient rise in 
intracellular calcium [Ca 2+ 1 and a slower more sub- 
stained enhancement of DNA synthesis in SMCs. 31 
Thus PDGF enhances the proliferation and migra- 
tion of SMC 32 (Fig. 2). PDGF may interact also with 
other growth factors, such as insulin-like growth 
factor-1 (IGF-1), to enhance SMC proliferation and 
migration. 3 ' Infusion of the BB isoform of PDGF into 
rats subjected to carotid injury produces a twofold to 
threefold increase in medial SMC proliferation but a 
20-fold increase in intimal thickening and SMC mi- 
gration from media to intima within a week after in- 
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FlB , Schematic representation of role of fibronectin and 
PDQFxntS^^n from contractile to synthetac pheno- 
run* m ^~*,. f ti 0 f arterial smooth muscle cells. 

jury. 3 * SMCs isolated from intimal lesions i after bal- 
loon catherization synthesize significantly greater 
a^omts of PDGF than do SMC, isolated from nor- 
mal media. PDGF-receptor activity also mcrease, 
whenSMCBchangetoasyxx^cph^o^ Both 
PDGF and epidermal growth factor J®GF) th» 
interact to further promote migration of SMC to toe 
Stima and subsequent proliferation of these mi- 

^^GF^ne expression is low in the normal vascu- 
lar wdl £e andhigh in sites prone to SMC prolif- 
eration such as the intima o^eroBclerobc 

Lent effects on SMC proliferation .*>- 37 ^AAis 
a Door mitogen for SMC; however, it acts synergisti- 
fibroblast growth factor (FGF) to promote 
DNA synthesis. 38 This synergisticacbon results be- 
came FGF selectively increases PDGF-receptoi _ex- 
JESoa and translation**- *» The observation **t 
^vivoexpresdoncfthePDGFincre^v^^ 
sueeests that the interactive role of PDGF and *X*r 
^STSsculopathy is associated with the aging pro- 



cess 
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Lulin-like growth factors CIGF-1 and IGF-2) and 



insulin appear to have an important role in the 
^CenS atherosderosis* 1 (Fi g. 3) . For exam- 
ple IGF-1 has been shown to stimulate 3 H-thymx- 
L'e incorporation by vascular smooth muscle cells 
(VSMCs) in our laboratory (Fig. 4). Arterial injury is 
a a»mpaniedbyarapidandlotig-laBtingmducbonof 

SMC IGF-1 messenger RNA (mRNA) expression. 41 
Platelets express both IGF-1 andIGF-2, the «pre^ 
sion being localized to the alpha granules. Platelets 
also have IGF-1 receptors, and platelet adherence 
and degranulation (activation) leads to the release of 
IGF/* 1 Macrophage precursors also have IGF-1 re- 
ceptors. and IGF stimulates the proliferation of these 
^kandtheirconversionintomultinncteatedc^. , 

Vascular SMC* express receptors for IGF-1, JWf -A 
and insulin; however, the processing off IGF and uv 
sulin is different.* 1 . 42 IGFs also stimulate the prolif- 
eration of EC. Cells from microvascular and raac- 
rovascular beds differ in their mitogenic responsxve- 
nea a to IGF-1 and IGF-2. For example, retinal vessel 
eS rospond more than do aortic EC. 41 EC produce 
IGFs and EC dysfunction may lead to increased re- 
lease of IGFs, which, in turn, may promote neomti- 
mal VSMC proliferation. 41 

Expression of vascular SMC IGF-1 receptor par- 
ies with SMC growth status: in nonconfluent SMCs, 
is "in bindxnT- low and IGF-1 binding s lugh 
whereas the opposite is true in confluen : cells^ 
PDGF and IGF-1 interact positively in inducing the 
expression of the protooncogene c-myc m cultured 
bo^nevascularSMCsandmpromotogceUgrowto^ 

Although insulin does not increase the mitogenic el- 
fect of IGF-1, the mitogenic response of 13 
mediated, in part, through an IGF-1 receptor^ M- 
sulin has been shown to increase IGF g^^pre* 
sion in aortic SMCs.* 1 Further, m insuhn-defiaent 
Sabetic rats* 2 aortic IGF-1 mBNA abundance m 
siRniEcantly reduced compared with that in *™<h* 
beCate.Infcsionsofinsuhnmtofeeao^ 
in a twofold increase in IGF-1 mRNA m aorta, uidi- 
cating that hyperinsulinemia might play its role m 
SErogenesis/in part, through enhanced 
7lGF^ in the vessel wall.** I^ulin alone ^th 
PDGF does not appear to have a sigiw&cant ettect on 
SMC migration However, SMC nngratjon m- 
duced^the cyclooxygenase product 
e^teLenoic acid (HETE) is increased m relation 
to the concentration and duration of «po8^ to ^ 
flulin. 44 This effect is augmented by increasing giu 
cose concentration.* 3 , , 

IGFs Upopr'oteins, and insulin are abundant nor 

fatten ar* important ako in «• ** ^« 

feet of platelet extract on growth of rat aortic SMCb 
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Fig. 3- Expression of IGFs and IGF BP in atherosclerotic plaque. (From Pern et al. Artery 1991;18:197- 
226.) 



was observed to be higher in diabetic patients than 
in controls and was corrected with intensive insulin 
treatment 47 On the other hand, it has been sug- 
gested that high circulating levels of insulin associ- 
ated with insulin resistance could mediate tissue 
growth, perhaps through intact IGF-1 receptors. 43, 48 
Aortic endothelium has the capacity to rapidly in- 
ternalize and release insulin with minimal degra- 
dation. 44 Similar experiments with IGF-2 have 
demonstrated that there is a greater channeling of 
IGF-2 than of insulin into a degradative pathway 
within these cells. 49 These collective data suggest 
that IGF and perhaps insulin have atherogenic 
potential through effects exerted on vascular SMCs 
and EC. 43 

EGF has been shown to be secreted by platelets 
and to stimulate proliferation of SMCs in culture. 32 
It appears that the growth effects of EGF are medi- 
ated, in part, through stimulation of a rise in SMC 
[Ca 2 *!- 32 Further, the calcium channel blocker nife- 
dipine suppresses the enhancement of vascular SMC 
DNA synthesis induced by EGF. 82 Vascular SMCs 
from spontaneously hypertensive rats (SHR) re- 
spond more to EGF than do those of normotenaive 
rats, despite similar responsiveness to FDGF and 
IGF-1. 50 SMCs from SHE express twice the number 
of EGF receptors of those from their normotensive 
counterparts. 50 Further, cultured mesenteric and 
• aortic myocyte growth response to EGF is enhanced 
i in SHR 01 * 62 The VSMC proliferative effects of EGF 
i are potentiated by insulin, suggesting that factors 
?such.AS hypertension and hyperinsulinemia may be 
synergistic in promoting the atherogenic process. 



Transforming growth factor beta (TGF-p), pro- 
duced by VSMC, 53 endothelial cells, 63 macro- 
phages, 54 T lymphocytes, 53 and platelets, 55 may have 
modulating effects on the atherosclerotic process. 
TGF-p has been shown to decrease proliferation of 
vascular SMCs despite induction of cellular hyper- 
trophy. 56 However, TGF-p can stimulate SMC 
growth as well. 28 Its net effect on SMC growth 
depends, in part, on its ability to stimulate formation 
of appropriate kinds of extracellular matrix. 28 ' 63 Its 
effects also depend on the cell type involved. For ex- 
ample, TGF-(3 decreases EC migration and prolifer- 
ation and increases SMC migration. 32 TGF-fj stimu- 
lates expression of PDGF-A chain mKNA and secre- 
tion of PDGF-like molecules. 36 Hypertension and 
aging increase in vivo expression of TGF-pi in aortic 
tissue; 40 however, the relevance of these changes re- 
mains poorly understood. 

Fibroblast growth factors. FGF type 1 and 2 are ex- 
pressed in EC and SMCs. 28 ' 57 FGF plays an impor- 
tant role in control of SMC replication whenever cell 
injury has occurred. 28 FGF stimulates growth in 
quiescent SMCa in culture. 28 - 68 Thus the precise role 
of FGF is incompletely understood. 

Hormonal factors such as catecholamines influ- 
ence the atherogenic process. 69 Repeated hypotha- 
lamic stimulation and consequent sympathetic dis- 
charge result in episodic vasospasm and injury to 
endothelium and media, as well as SMC prolifera- 
tion, favoring the onset of atherogenesis. 69 The role 
of catecholamines is supported by the results of be- 
havioral investigation in animal populations along 
with the clinical studies implicating neuropeycho- 
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Fig. 4. Effect of IGF- 1 100 ng/ml on thymidine incorpora- 
tion in presence of different FBS concentrations in vascu- 
lar smooth muscle celU from lean Zucker rat aortas 
(unpublished data). 

logical mechanism in atherosclerosis. 59 Thus the 
sympathetic nervous system plays an important role 
in the pathogenesis of atherosclerosis and hyperten- 
sion. 

Norepinephrine and histamine increase EC pro- 
liferation and increase SMC proliferation and mi- 
gration. 32 Epinephrine also stimulates proliferation 
of vascular SMC, and a-agonists stimulate PDGF-A 
chain gene expression. 32, 58 Angiotensin II also stim- 
ulates expression of PDGF-A chain mRNA, secretion 
of FDGF-like molecules, and vascular SMC hyper- 
trophy. 32 ' 58 Endothelin may act as a growth Factor 
for vascular SMCs, and this effect appears to be en- 
hanced in the presence of insulin. 60 Endothelin also 
enhances Na/H exchange in conjunction with its 
proliferative effects on vascular SMCs. 60 Early 
changes in Na/H exchange are the same for endo- 
thelin, angiotensin, and PDGF, whereas late changes 
are different. 60, 61 Raised intracellular pH results in 
the activation of protein synthesis in quiescent aor- 
tic SMCs. 61, 82 Thus many vascular growth factors 
such as endothelin, angiotensin, and other serum 
factors may exert their atherogenic effects, in part, 
by stimulating Na/H exchange and raising intracel- 
lular pH. 

The cytokines inter leukin-1 (£L-1) and tumor ne- 
crosis factor-alpha (TNF-a) are produced by macro- 
phages. 63 ' 64 Both of these cytokines inhibit endothe- 
lial cell growth and stimulate SMC growth; this ef- 
fect correlates with changes in FGF receptor number 
displayed by endothelial and SMC, respectively. 65 
Rrl promotes growth of vascular SMCb via induc- 
tion of synthesis of PDGF with no effect on intracel- 
lular Ca 2 *. 66 Another cytokine, IL-6, induces an in- 
crease in SMC thymidine uptake and proliferation. 67 
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Fig. 5. Lp(a) and atherosclerosis. Lp(a) promotes throm- 
bogenic phenotype at cell surface by competition for plas- 
minogen receptor and enhanced production and secretion 
of PAI-1 with downregulatum of plasmin generation. 
Fibrin deposition is increased on and in intima and SMC. 
SMC proliferation is promoted by inhibition of TGF-p ac- 
tivation and may contribute to atherogenesis. (Fi-omNach- 
roan KL. Blood 1992;79:1897-906.) 

IL-6 also stimulates PDGF production, and the SMC 
proliferative effects of this cytokine are inhibited by 
PDGF antibody (as measured by thymidine up- 
take). 67 These results indicate that IL-6 has an au- 
tocrine function through stimulation of PDGF pro- 
duction. 67 Another cytokine, smooth muscle-derived 
growth factor (SDGF) has been shown to be distinct 
from competent and progression factors and to stim- 
ulate different pathways in SMCs. 86 Thus cytokines 
have a profound and complex effect on SMC prolifer- 
ation and thus the atherogenic process. 

Metabolic factors and atherosclerosis. Central fat 
distribution may be atherogenic, in part, because of 
associated alterations in insulin and lipoprotein lev- 
els. For example, men and women with predomi- 
nantly upper-body obesity have significantly higher 
inmihn and glucose concentration after an oral glu- 
cose tolerance test 69, 70 In regard to this observation, 
hypertrophic fat cells predominate in upper-body fat, 
and these fat cells demonstrate insulin resistance. 71 
Central-body fat is also more metabolicaUy active, 
showing increased lipolysis and release of free fatty 
acids (FFAs), which may interfere with insulin 
clearance and exacerbate hypertriglyceridemia. 72 
Plasma insulin concentration, in .turn, is an impor- 
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tant predictor of HDL-C decreases and TG concen- 
tration increases. 73 Waist/hip circumference ratio ia 
abetter marker than body mass index of risk of car- 
diovascular death in older women. 7 * Thus central 
obesity is associated with insulin resistance, dyslip- 
idemia, and increased risk of atherosclerotic vascu- 
lar disease. 76 

, Lipoprotein abnormalities and atherosclerosis. Mac- 
rophages express LDL receptors that recognize Apo 
B- and Apo E— containing lipoproteins. LDL recep- 
tors are downregulated by intracellular cholester- 
ol. 76 Other receptors can mediate the uptake of 
altered lipoproteins: Scavenger receptors recognize 
modified lipoproteins such as acetylated LDL, oxi- 
dized LDL, or malondiaJdhyde LDL. 77 - 78 Scavenger 
receptors recognize other negatively charged sub- 
stances in a nonregulated way, leading to massive 
lipid accumulation. 78 The Fc receptor can mediate 
the uptake of lipoprotein-antibody complexes, re- 
sulting in lipid accumulation, 76 and the receptor for 
advanced glycation end products mediates uptake of 
glycated lipoprotein. 78 Non-receptor-mediated up- 
take of lipoprotein by macrophages can occur by 
phagocytosis 78 or through secretory enzymes re- 
leased by macrophages. 76 The most important of 
these enzymes is lipoprotein lipase, which hydro- 
lyres TG to FFAs, which can be taken up by macro- 
phages and reesterified, resulting in marked TG ac- 
cumulation. 79 ' 80 The enhancement of receptor-me- 
diated TG-rich lipoprotein uptake is caused by at 
least two factors: (1) conformational changes in ap- 
oproteins, resulting in increased affinity for LDL re- 
ceptor, 80 ' 81 and (2) loss of Apo C. 79 In addition to li- 
poprotein lipase, macrophages secrete oxygen-free 
radicals, proteases, and Apo E, all of which affect li- 
poprotein accumulation. 76 ' 77 

Lipoprotein modification takes place in SMCs, EC, 
and macrophages. One such modification consists of 
peroxidation of polyunsaturated fatty acids in LDL, 
a process that can be inhibited by vitamin E. 82 The 
Oxidized fatty acid fragments and sterols diffuse out 
of LDL into adjacent cells to exert che mo taxis and 
trapping of monocytes into the atherosclerotic lesion 
as MP. Oxidized LDL also alters gene expression for 
and secretion of growth factors and cytokines by MP 
: and EG. 83 EC production of colony-stimiuating fac- 
tors is enhanced after incubation with oxidized LDL. 
{Oxidized LDL is a chemoattractant to monocytes, 
^induces monocyte-binding protein, and stimulates 
^production of monocyte chemotactic protein (MCP-1) 
iby endothelial cells. Oxidized LDL may be taken up 
jby MP through scavenger receptors, phagocytosis, 
.and Fc mediation of LDL-ICs (immune complexes), 
and induce paradoxical increase of LDL-receptor ex- 




Fig. 6. Hypothetical model of plasminogen and tissue 
plasminogen activator (tPAJ assembly on endothelial cell 
Gurface. On binding to endothelial cell surface, circulating 
N-terminal glutamic acid plasminogen is converted to its 
truncated, noncnrulating form, N-terminal lysine plasmi- 
nogen, through the proteolytic release of a 76aa preacthra- 
tion peptide (76AA). Lys-PIXj binds with high affinity to 
40-kOa cell surface-associated protein. tPA, synthesized 
and secreted by endothelial cell, can bind to same protein 
at & separate domain. Assembly of plasminogen and tPA 
in complex with the 40-kDa protein on cell surface would 
foster efficient generation of plasmin-Upoprotein (a), in 
sufficient concentration, would compete with plasminogen 
for its binding site on the endothelial surface, thereby 
dampening production of active protease. (From Shih GC, 
Hajjar KA. Plasminogen and plasminogen activator as- 
sembly on the human endothelial cell. Proc Soc Exp Biol 
Med 1993;202:258-64.) 



pression. Uncontrolled diabetes ia accompanied by 
increased lipid oxidation. LDL oxidation is enhanced 
in. the presence of hyperglycemia and hypertriglyc- 
eridemia. Hyperglycemia, in part through glycation 
products, enhances free-radical production in stimu- 
lated inflammatory cells. The mechanism of injury 
induced by oxidized LDL is related to the cell cycle: 
Fibroblasts in the S phase appear most vulnerable in 
vitro, and native HDL reduces the toxic effect of ox- 
idized LDL to fibroblasts. A variety of other cells also 
appear to be vulnerable to the cytotoxic effects of ox- 
idized LDL. 83 

One of the first endothelial alterations induced by 
LDL-C is an attenuation of endothelium-dependent 
vasodilation that occurs before any clinical evidence 
of atherosclerosis. 84 Isolated vessels from normal 
animals manifest a reduction in endothelium -depen- 
dant vasodilation within minutes of exposure to ox- 
idized LDL. 85, 86 Lyaolecithin in oxidatively modified 
LDL contributes significantly to its vasomotor ef- 
fect? 7, 88 Insulin and IGF-1 cause an upregulation of 
LDL receptor and downregulation of HDL recep- 
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Fig. 7. Schematic representation of the different roles of proteoglycans in arterial wall biology, i, binding 
of coagulation and anticoagulation factors; 2, Binding and regulation of enzyme (LPase) activity; 3, carrier 
molecule for certain platelet products and plasma proteins; 4, binding and regulation of growth factor ac- 
tivity; 5, influencing cell-cell associations; 6, influencing cell adhesion; 7, participating in the organization 
of ECM structures such as basement membranes and regulating permeability; 8, influencing endothelial 
cell migration and proliferation; 9. 14. 16. modulation in arterial SMC proliferation and migration; 10, 1 I, 
regulation of collagen fibrillogenesia; 12, maintenance of viscoelaetic properties; 13, modulating calcifica- 
tion; 16, influencing intra- and extracellular lipid deposition and turnover: EC, endothelial cells; BM, 
basement membrane; AIII, anti thrombin HI; T, thrombin; LPase, lipoprotein lipase; PF4, platelet factor 
4; ECGF, endothelial derived growth factor; Lym, lymphocyte; SMC. smooth muscle cell; MAC, macroph- 
age. (From Rasmussen et al. Arch Intern Med 1989;149:1050-3. Copyright 1989 American Medical Asso- 
ciation.) 



tor. 41 Insulin increases uptake and esterification of 
LDL-C by SMCs. 16 Thus both hyperinsulraemia and 
increased oxidation of LDL-C likely contribute to the 
accelerated atherosclerosis of diabetes mellitus. The 
role of antioxidants in the prevention of atherogen- 
esis has been extensively reviewed, 25 Antioxidants 
protect LDL against oxidation: these include vitamin 
E, vitamin C, lVfJ-estradiol, and magnesium. 25 - m - 90 
These antioxidants may have a particularly impor- 
tant prophylactic role in diabetic patients, who are 
especially prone to LDL oxidation. 

The role of Lp(a) has been extensively reviewed 
(Pigs. 5 and 6). 91 - 92 Lp(a) is an LDL- like particle with 
Apo B-100 and Apo (a) components; the latter is sim- 
ilar to plasmin. 62 Large amounts of Lp(a) are found 
in atherosclerotic lesions. In early atherosclerotic le- 
sions in human beings and animals, there is a dra- 
matic deposition of Lp(a) on the thickened intimal 
endothelial surface. Lp(a) competitively inhibits 



binding of plasminogen, downregulates plasmin gen- 
eration at the cell surface by 90%, and facilitates 
deposition of cell-surface and matrix lipoprotein. 
Normal vasculature does not contain Lp(a), and the 
vascular content of Lp(a) increases with various in- 
flammatory conditions. Lp(a) increases Plasmogen 
activator inhibitor- 1 (PAI-1) expression, and surface 
activation of plasminogen on macrophages and SMCe 
significantly contributes to their migration to the in- 
tuna, where the atherosclerotic process develops. 92 
Lp(a) may also promote enhanced intimal deposition 
of Apo B-containing lipoproteins, facilitating plaque 
formation. 91,92 Plasmin enhances the binding of 
Lp(a) to immobilized fibrinogen and fibrin, leading to 
increased incorporation of fibrin into vessel wall. 92 
Lp(a) in tissues may promote SMC migration by 
downregulating plasmin generation at the cell sur- 
face and thereby inhibit latent TGF-0 activation. 
Lp(a) may thus indirectly increase SMC migration, 
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asTGF-p normally inhibits this process. 82 Apo(a) lias 
aij ti thrombolytic potential because of its plasmino- 
gen-like properties at the endothelial and eubendo- 
thelial intima: (1) at the endothelial surface, high 
plasma levels of Lp(a) can interfere with plasmino- 
gen— plasinio conversion and clot lysia 93 ; (2) Lp(a)can 
traverse endothelium and accumulate in intima as 
lipid-poorApo B-l00-Apo(a)complexorfreeApo(a). 9z 
High Lp(a) plasma levels and increased endothelial 
permeability increase the transfer of Lp(a) to the in*. 
tuna. 91 Once in the intima, Lp(a) can complex with 
giycosaminoglycans , proteoglycans, or fibrin. 8 * Lp(a) 
also becomes incorporated into MP in the intima, 
leading to formation of foam cells." Thus Lp(a) ap- 
pears to be an important factor in promoting athero- 
geneeis under certain conditions. 

The mechanism of the antiatherogenic effects of 
HDL has been extensively summarized in a review 
and includes reverse cholesterol transport, inhibi- 
tion of SMC proliferation and sulfated glycosami- 
noglycan synthesis in human muscle cells. 90 HDL 
also stimulates endothelial repair and arterial EC 
cell prostaglandin I2 (PG1 2 ) synthesis and facilitation 
of the metabolism of TG-rich lipoprotein and fibrin- 
olysis. Thus increases in the levels of HDL-C clearly 
protect against atherosclerosis. HDL ia increased in 
association with weight reduction, exercise, niacin 
administration, and certain other medications. 

Inflammatory and rheologlc factors. EC synthesize 
and secrete proteoglycans (Fig. 7). m Accumulation of 
proteoglycans in the intimal atherosclerotic lesions 
may predispose to further lipid accumulation, calci- 
fication, and thrombosis. One of the proteoglycans, 
heparan sulfate, interacts with anti thrombin III, 
giving EC a nonthrombogenic surface. Basement 
membranes in diabetic vascular tissue have de- 
creased heparan sulfate content and decreased non- 
thrombogenic properties, which might contribute to 
increased vascular wall permeability. Experimental 
damage of the EC associated with altered rheology 
and inflammation leads to decreased heparan sul- 
fate interaction with anti thrombin HI, increased en- 
dothelial cell permeability, and accelerated athero- 
sclerosis in experimental animals. 

Production of extracellular matrix is regulated by 
a number of growth factors. For example, angio- 
tensin II, produced by endothelial cells and SMCs, 
stimulates incorporation of s H-glycine and other 
precursor molecules into extracellular matrix glyco- 
proteins and proteoglycans. 97 Angiotensin II induces 
a rapid induction of expression of the extracellular 
matrix glycoprotein , thrombospondu*. Endothelium- 
•derived proteoglycans bind to and modify LDL so 
that it becomes more negatively charged, allowing 




Fig. 8. Alterations in SMC function as result of injury and 
hyp erlrpidemia. A, Under normal conditions, Endothelial 
cell (EC) and SMC -derived ekosanoide maintain SMC in 
quiescent state and maintain low cholesterol ester (CE) 
content by stimulating lysosomal (ACEH) and cytoplasmic 
(NCEHJ cholesterol ester hydrolases. B, Under conditions 
of injury, EC and monocyte release of" IL-1 and PDGF 
causes SMC proliferation, and an increase in the activity 
of the LDL receptor. In absence of hyperupidemia,.endo- 
genously synthesized eicosanoida may modulate these ef- 
fects. However, in presence of hyperlipidemia, eiooaanoid 
production is attenuated, leading to unrestricted cell 
growth and Bmunulatinn of CE. PGI S , prostacyclin; 12- 
BETE, 12-hydroxy-eicosatetraenoic acid; CHOL, choles- 
terol; FFA, free fatty acid; ACAT, acyl CcAMholeaterol 
acyltransferase; MO, macrophage. (From Pomarantz KB, 
Hajjar DP. Arteriosclerosis 1989;8:418-9 ) 

greater recognition by MP and incorporation to form 
foam cells. Regions of blood vessels that accumulate 
proteoglycans have a high propensity to accumulate 
lipid, particularly in areas associated with endothe- 
lial regrowth. 96 ' 91 LDL-proteoglycan complexes 
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have been isolated from different regions of extracel- 
lular matrix within atherosclerotic vessels. Lipids 
influence the proteoglycan content of the vascular 
wall, and proteoglycans, in turn, influence lipid dep- 
osition in SMCs and MP. 96 Proteoglycans accomplish 
this by altering the charge of lipids, decreasing deg- 
radation of LOL, and increasing cholesterol ester 
synthesis by macrophages. Proteoglycans accumu- 
late in internal lesions of large and small vessels in 
atherosclerosis and may enhance the calcification 
associated with increasing complexity of the athero- 
sclerotic lesion. Thus proteoglycans and other extra- 
cellular substances contribute significantly to the 
progression of the atherosclerotic lesion. 

Polyunsaturated fatty acids have antiatheroscle- 
rotic effects that appear as a result of several mech- 
anisms: (1) modification of the arachidohic acid cas- 
cade; 98 (2) reduction of monocyte production of plate- 
let-activating factor," a proinflammatory and 
proaggregation lipid mediator in atherosclerosis; 99 
(3) inhibition of coagulation; 100 (4) reduction in syn- 
thesis and action of peptide mediators of cell prolif- 
eration including IL-1, TNF, 101 and PDGF 102 ; (5) in- 
creased formation and/or EDRF; 103 and (6) increased 
erythrocyte deformity and reduction of blood viscos- 
ity. 10 * In addition, omega-3 fatty acids in fish oil re- 
place PG1 2 and PGA 2 with PGI 3 and PGAg, favoring 
vasodilation and suppression of SMC growth. 96 Thus 
there are a number of potential mechanisms by 
which polyunsaturated fatty acids are antiathero- 
sclerotic. 

MP synthesize and release growth factors, cyto- 
kines, adhesive glycoproteins, prostaglandins, and 
leukotrienes. Prostaglandin PGI2 has significant 
antiatherosclerotic properties. PGI 2 synthesis is re- 
duced inhuman, rabbit, and rat atherosclerotic blood 
vessels. 95 Diabetes nielli tu6 reduces PGI2 synthesis 
in rats; this effect is additive with that of increased 
blood cholesterol. 16 This might be related, in part, to 
decreased arachidonic acid availability for synthesis 
of PGI2. 96 Smoking, aging, and viral infections cause 
decreased vascular eicosanoid synthesis. These 
eicosanoids, particularly PGI2 and PGE2, normally 
hydrolyze cellular cholesteryl ester, forming free 
cholesterol, which is more readily removed from the 
cell. HDL induces PGI 3 production in vascular EC 
and SMCs, which contributes to HDL-mediated cho- 
lesterol efflux. Cholesterol-enriched SMCs (foam 
cells) synthesize less eicosanoid and thus are not so 
responsive to the cholesterol-efflux effects of HDL. 
EC synthesize PGIa in response to thrombin, brady- 
kinin, leukotrienes, kallikreinB, immune complexes, 
complement complexes, histamine, serotonin, and 
angiotensin n. 98 In an autocrine fashion, IL-1 syn- 



thesized by the endothelium stimulates the produc- 
tion of PGIa 105 and tissue plasminogen activation in- 
hibits EC production of PDGF (Fig. 8). 38 EC produc- 
tion of IL-1 in turn increases the production of 
platelet-activatingfactors 108 and endothelin. 107 Thus 
factors produced by EC can modulate the production 
of other endothelial factors that affect the athero- 
sclerotic process. 

SUMMARY 

CHD remains the leading cause of death in most 
developed countries; therefore, elucidation of risk 
factors and associated mechanisms for atherosclero- 
sis and development of CHD has been a high prior- 
ity. Data from the Framingham Heart Study and 
other large-scale epidemiologic studies have identi- 
fied major risk factors associated with CHD, demon- 
strating the adverse effects of increased total and 
LDL-C levels and the protective effect of HDL-C. 
Other endogenous and exogenous risk factors have 
been identified and are discussed in this review. La 
addition, we address known mechanisms involved in 
the atherosclerotic process. 

W_ thank Paddy MeGowan for her excellent work in preparing 
this manuscript. 
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